Abstract A conceptual design review of the ITER gas injection system (GIS) function, safety, operation, and maintenance has recently been successfully completed. The GIS design can now continue to the preliminary design stage. This paper gives an overall description of the requirements and implementation at the concept design level. The designs of the sub-systems according to its breakdown structure are discussed against the corresponding requirements.
Introduction
The ITER gas injection system (GIS) shall have the following main functions:
a. provide hydrogen isotope, helium and heavier impurity gas supplied to the vacuum vessel (VV) for plasma initiation, maintenance, control and wall conditioning.
b. provide a safety important emergency shutdown system known as the fusion power shutdown system (FPSS).
c. supply protium and deuterium gases to the heating and diagnostics neutral beam (NB) injectors.
d. provide the pellet forming and propellant gases for the pellet injection system (PIS).
Besides the common components like the control cubicles, the GIS consists of three sub-systems: the gas fuelling system (GFS), the gas distributing system (GDS), and the FPSS.
Function a. is provided by the GFS. It includes the gas valve boxes (GVBs), which are located in the upper port and lower port cells, and gas supply lines from the GVBs to the VV. The gas supply lines within the VV, their penetrations through the VV, the cryostat, and their support structures are all part of the GFS.
Function b. is provided by the FPSS. It is located at the upper port level. The FPSS consists of distributed reservoirs of impurity gas and dedicated lines for the impurity gas injection towards the plasma within the VV. The dedicated FPSS lines run from the reservoirs into the VV, via an isolation valve operated by the ITER safety control system. Functions c. and d. are provided by the GDS. It distributes gas from the tritium plant systems, via a distribution manifold, to the GVBs for the PIS, GIS and NB fuelling systems.
Gas fuelling system
The main requirements include throughput, gas species, and response time, which need to be met by careful design of the layout and GVB.
2.1 Throughput, gas species and response time Throughput, gas species, and response time have been discussed in system requirements and design challenges [1] . The conceptual design requirement for each individual GFS GVB is as follows:
• For protium/deuterium/helium, the maximum flow rate shall be 100 Pa · m 3 /s, and the response time for 20 Pa · m 3 /s shall be within 1 s.
• For tritium, the maximum flow rate shall be 10 Pa m 3 /s and the response time for 10 Pa · m 3 /s shall be within 1 s.
• For other gases, the maximum flow rate shall be 10 Pa m 3 /s, and the response time for 1 Pa · m 3 /s shall be within 1 s (a carrier gas may be used).
The 'response time' is defined as the time period starting from the instant the plasma control system signal arrives up to the instant when the flow rate at the outlet of the gas line reaches 63% of the setup flow rate, in which the starting flow rate is assumed to be zero. The accuracy of the set point control of the fuelling rate should fall within a tolerance of ±5% of full scale.
Layouts
With an all-tungsten divertor configuration, impurity gas is required to be puffed to the divertor region for radiative detachment control. There is a possibility that the injected impurity seed gases could not have uniform distribution toroidally. The layout design of ITER GIS should provide as many injection positions, and as good toroidal uniformity as possible, in both the upper and lower port levels.
Gas injection at the lower port level is faster than that from the upper port level at sending the impurity gases to the divertor region. As such, it will be the main control for divertor protection. Fig. 1 shows a full picture of the GIS. The GIS and part of the tokamak building are shown in this picture. The part colored in orange in this picture is the lower port level part of GIS, and this part serves for gas injection in the divertor level and also for PIS. The upper port level part of the GIS is in dark blue. The tube in dark green is the manifolds for NB Gas injection at the upper port level could be used as an auxiliary control method for divertor protection. In addition, it is required that the gas injection position has magnetic connection to ion cyclotron (IC) and low hybrid antennae for coupling with plasma.
There are also many restrictions on the GIS layout design. Gas fuelling would generate noise which interferes with the measurements made by the bolometers and visible/IR cameras. Arcing on the electron cyclotron (EC) launcher could happen if it is located near the gas injection position, due to the increase of neutral pressure during gas injection. The stainless steel first wall would be damaged because of the strong charge exchange during gas injection.
Because of these factors, the layout design of the gas injection positions shall take into account the interference with diagnostic systems, and with EC antenna. In addition, the gas injection locations need to be located beyond the upper port plug, where it is not protected by the Be armor.
As the output of the GIS concept design, there are six gas injection locations in the lower port level and four gas injection locations in the upper port level.
The gas injection locations in the lower port level are at ports 3, 6, 9, 12, 15 and 18, among the total 18 ports. The gas injection at the odd ports (3, 9 and 15) utilizes the adjacent ports (4, 10 and 16) for penetration into the vacuum. These gas lines are fixed between the divertor cassette and the VV wall. And their outlets are positioned to deliver the gas in the space under the divertor dome and through existing gaps between the divertor cassettes.
The gas injection points in the upper port level are located at ports 3, 6, 10 and 14, among the total 18 ports. Port 6 is one of the NB ports, as such, the GVB and associated connections are placed in port 8; this is to avoid the installation and maintenance constraints within a port cell sharing both the NB and GVB. The gas injection at port 6 penetrates the VV via port 8.
The gas injections in the upper port level use the gaps between the blankets in the toroidal direction and have multi-point injection along the poloidal direction between the upper port and the equatorial port. The present design routes the perforated section of gas line on top of the plasma-facing section of the blanket manifolds, this is to keep the distance between the line and the plasma as short as possible. Simulations show that magnetic connection to IC antennae could be made from the proposed gas injection locations [2] .
Gas valve box
The selection of gas species and the control of the flow rate will be conducted by operating GFS GVBs. To meet the requirements on the response time while at the same time keeping the access for maintenance, the GVBs need to be located just outside the ITER bio-shield. This area is usually crowded and exposed to high magnetic field.
The conceptual design of the GVB is based on the MKS 148C gas dosing valve (maximum throughput of 100 Pa · m 3 /s) and flow control valves. A cylindrical GVB containing all components would be no greater than 0.88 m in diameter and 1 m in height. Space reservation for these GVBs has been made in the port cells.
With regard to the response time, the most challenging case is for heavy impurity gases at low flow rate. Injecting lighter (carrier) gas with heavy gas offers a means by which the response time may be shortened. Experiments have shown that injecting helium as the carrier gas was effective when the helium to neon mixing ratio exceeds three.
The GVBs could be exposed to an external magnetic field as high as 0.2 T. Test and simulation research carried out on soft iron and iron-cobalt alloy cylinders measuring Φ0.2 m × 0.23 m have shown that it is possible to achieve a residual magnetic field as low as 5 mT (ITER guideline for static magnetic shielding in this region) within this shielding.
The feasibility of meeting requirements on the response time and magnetic shielding by R&D are cov-YANG Yu et al.: Conceptual Design of the ITER Gas Injection System ered in a description of ITER's gas injection systems and current R&D activities [3] .
Fusion power shutdown system
Ex-vessel loss of coolant would lead to insufficient divertor cooling; this would lead to a rise in temperature within the cooling circuit towards a critical point, beyond which damage to the divertor would occur within seconds. In such a case, water would leak and dissociate to oxygen and hydrogen, which, in the presence of air leak, could lead to a hydrogen explosion.
By opening the FPSS isolation valve and discharging the impurity gas into the VV within three seconds in total, damage can be constrained. It has been proposed that neon ( 
Numerical modeling has shown that a high pressure small volume reservoir of impurity gas could be puffed into the VV within the required period.
Gas distribution system
There are two manifolds in GDS: main manifolds and NB manifolds. GVBs for PIS are connected to the main manifolds for the PIS gas supply.
Main manifolds
The total hydrogen isotope fuelling rate shall be 200 Pa · m 3 /s (average) and 400 Pa · m 3 /s at maximum [4] . During the DT phase, the maximum deuterium flow rate from the tritium plant shall be 180 Pa · m 3 /s. The maximum tritium flow rate from the tritium plant shall be 120 Pa · m 3 /s. Tritium is supplied as a 90% T 10% D mixture, although initially 100% tritium may be available.
The maximum fuelling rate for helium gas puffing shall be 60 Pa · m 3 /s (average), and 120 Pa · m 3 /s (maximum).
The impurity gases include nitrogen, argon and neon. The GIS will be able to accommodate helium-3 injection. No more than two impurity gases shall be injected at any one time. The simultaneous injection rate of each of the impurity gases shall be 10 Pa·m 3 /s (average), and 100 Pa·m 3 /s (maximum.). The manifolds route from the tritium plant through the walls into the port cells form a horseshoe shaped structure in the upper and lower port levels. It is connected to the GFS GVBs just outside the bio-shield. Dedicated lines are used for different gases. The gas lines and an evacuation line are enclosed in a guard pipe. The gas line layout inside the guard pipe allows vertical and horizontal branches. The manifolds are composed of tee, elbow, and straight sections. Sections of line/pipe will be butt-welded together. The design of manifolds is also described in manifold concept design for ITER gas injection system [5] .
Gas valve box for the pellet injection system
PIS GVBs provide gases to the pellet injector casks for fuelling pellet forming, impurity pellet forming and pellet propelling. These GVBs are similar to the GFS GVBs but without flow control. In addition, the PIS GVBs could be located away from the VV thus offering better EM field immunity. The design is less complicated than the GFS GVB.
The maximum fuelling rate for protium or deuterium pellet injection (per injector) shall be 120 Pa · m 3 /s (maximum). The maximum fuelling rate for tritium for pellet injection (per injector) shall be 111 Pa · m 3 . For other gases, it is 10 Pa · m 3 /s. The propellant gases are hydrogen or deuterium (depending on the operation phase), and recycled within the pellet injector casks.
Neutral beam manifolds
The NB gas supply throughput is less than 160 Pa · m 3 /s for protium, and less than 80 Pa · m 3 /s for deuterium, and there are less gas types involved. Besides, there is no need for flow rate control. Therefore, the design for NB manifolds is less complicated.
Summary
During the conceptual design, requirements and implementation are discussed at the sub-system level. In this paper, the system requirements of the ITER GIS are introduced. These form an important part of the technical specification for the GIS Procurement Arrangement.
The feasibility of the design is shown to meet the requirements specified in the SRD. This process provides a guideline for the Domestic Agency and its contractors to continue the design studies.
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